The terahertz region of the electromagnetic spectrum spans the frequency range between the mid-infrared and the millimetre/microwave. This region has not been exploited fully to date owing to the limited number of suitable (in particular, coherent) radiation sources and detectors. Recent demonstrations, using pulsed near-infrared femtosecond laser systems, of the viability of THz medical imaging and spectroscopy have sparked international interest; yet much research still needs to be undertaken to optimize both the power and bandwidth in such THz systems. In this paper, we review how femtosecond near-infrared laser pulses can be converted into broad band THz radiation using semiconductor crystals, and discuss in depth the optimization of one specific generation mechanism based on ultra-fast transport of electrons and holes at a semiconductor surface. We also outline a few of the opportunities for a technology that can address a diverse range of challenges spanning the physical and biological sciences, and note the continuing need for the development of solid state, continuous wave, THz sources which operate at room temperature.
Introduction
The terahertz (THz) frequency range, usually defined as 100 GHz-10 THz, represents a significant portion of the electromagnetic spectrum (figure 1), for which compact, solid-state sources that operate at room temperature are still not available.
On the microwave side of the spectrum, it is difficult to fabricate electronic devices that operate at frequencies substantially above a few hundred GHz [1] (although the output of such sources can be harmonically multiplied to the THz range [2] ). This is partially a result of the inherent need for very short carrier transit times in the active regions and is also a consequence of only low powers being delivered by devices which must have small device areas to minimize the device capacitance. On the optical side of the spectrum, interband diode lasers have long been designed for operation at visible and near-infrared frequencies. However, this concept, where light is generated by the radiative recombination of conduction band electrons with valence band holes across the bandgap of the active material, cannot be simply extended into the midinfrared since suitable semiconductors are not available. Instead, recent research has made extensive use of the quantum cascade (QC) concept in which inter-subband or inter-miniband transitions in layered semiconductor heterostructures are used to generate light in the midinfrared region of the spectrum [3] . By appropriately engineering the thickness of the different semiconductor layers, the electron motion is confined along the growth direction, thereby splitting the conduction band into a number of discrete states. The corresponding electron transition energies can, in principle, be tailored to cover a wide range of wavelengths, from the far-to the mid-infrared, using InP-or GaAs-based III-V compounds.
These unipolar injection lasers, named 'quantum cascade' from the possibility of stacking together successive active regions to generate a multiplicity of photons for each injected electron, have been demonstrated at room temperature in the mid-infrared up to the longest wavelength of 24 µm (12.5 THz) [4] . However, extending this concept to frequencies below 10 THz is a considerable challenge: for example, free carrier absorption in semiconductors scales approximately as the wavelength squared requiring a large-gain active region, and the small energy (10-20 meV) of the optical transition necessitates very selective injection. Furthermore, there are difficulties in waveguiding THz radiation in an active material that is just a few microns thick, since a conventional dielectric waveguide using semiconductor cladding layers of smaller refractive index would not only require prohibitive thicknesses for molecular beam epitaxy (MBE) growth but would also result in small confinement factors. Despite these issues, THz QC lasers operating at 4. 4 THz have recently been demonstrated [5, 6] , but at present operation is confined to cryogenic temperatures.
Owing to the difficulties in fabricating solid-state THz sources, researchers have focused attention on all-optical techniques of producing THz radiation employing visible/nearinfrared, femtosecond pulsed lasers. It is with these coherent THz systems that many of the exciting prototype experiments have been undertaken which have demonstrated the potential of THz radiation for imaging and spectroscopy in the biomedical sciences. In this paper, we will focus on such systems. We will review how semiconductor structures can be used to convert ultra-short (∼100 fs) near-infrared pulses into THz pulses, and then concentrate our discussion on one THz generation mechanism based on the ultra-fast transport of electrons and holes at semiconductor surfaces. Although these broadband coherent THz systems have a wide range of potential applications, there remains a critical need for the development of solid-state sources and these must remain a focus for future research.
Coherent THz imaging and spectroscopy systems
A schematic representation of a THz time-domain spectroscopy system is shown in figure 2 [7] (for a detailed discussion, see [8] ). Ultra-short (∼10-200 fs) visible/near-infrared pulses (typically centred at 780 nm) are directed onto a semiconductor THz generator which converts the incident pulses into THz pulses. The THz pulses are either emitted colinearly with the reflected incident pulses, or propagate through the semiconductor generator and emerge from the far side. The emitted THz radiation is collected and collimated by an off-axis parabolic mirror, and then focused by a second off-axis parabolic mirror onto the sample, which can be stepped across the beam to build up a two-dimensional image.
Coherent detection of the transmitted or reflected THz radiation can be achieved in a number of ways [8] . Figure 2 shows a technique based on the ultrafast Pockels effect [9] in which the THz beam is collected and focused onto an electro-optical sampling (EOS) detection crystal (for example, {110} ZnTe). The THz field induces an instantaneous birefringence in the electro-optic medium, which is readily probed with a second visible/near-infrared beam, initially split from the pump beam. The birefringence modulates the ellipticity of the probe beam, which is measured using a quarter waveplate (λ/4), a Wollaston polarization (WP) splitting prism, and two balanced photodiodes. By placing an acousto-optic modulator in the pump beam (not shown), lock-in techniques can be used to measure the photodiode signal. Furthermore, by measuring this signal as a function of the time-delay between the arrival of the THz and probe pulses at the EOS crystal, the electric field of the THz pulse in the time domain can be obtained ( figure 3, left) , and the Fourier transform gives the frequency spectrum of the THz radiation (figure 3, right).
THz semiconductor sources
Semiconductor surfaces have been widely used in conjunction with femtosecond visible/nearinfrared lasers as THz emitters, exploiting bulk electro-optic rectification (differencefrequency mixing) and ultrafast charge transport techniques. Figure 4 . Schematic diagrams showing two THz emitters in which photoexcited carriers generated by a focused visible/near-infrared laser pulse are accelerated and radiate in an electric field. In (a) the field is provided by a lateral antenna structure, in (b) the intrinsic semiconductor surface depletion/accumulation field is exploited.
Bulk electro-optic rectification
The large peak electric field of the visible/near-infrared pulse allows the second order nonlinear susceptibility (χ (2) ) of a semiconductor crystal to be exploited for the generation of THz radiation. A time-dependent polarization is induced in the THz frequency range which is proportional to the intensity of the incident pulse. This can be described in the frequency-
A broad bandwidth (>10 THz) can result owing to the short duration of the incident pulse in the time domain. To date, this mechanism has been used to generate THz radiation in a number of inorganic semiconducting materials including GaAs, GaSe and ZnTe [10] [11] [12] [13] , as well as in the organic ionic salt 4-N, N-4-dimethylamino-4 -N -methylstilbazolium tosylate (DAST) [14] . In addition to the size of the second-order susceptibility which determines the magnitude of the induced polarization and therefore directly determines the efficiency of the process [10] , the conversion efficiency is governed by the phase matching condition between the induced THz field and the optical fields (equivalent to k vis2 = k vis1 ± k THz ). For this condition to be satisfied, the phase velocity of the THz pulse must be matched to the group velocity of the visible/near-infrared pulse, and therefore requires the matching of the refractive indices for the different fields. The difficulty in achieving phase matching over a broad band of THz frequencies provides a fundamental limitation.
Ultra-fast charge transport
THz radiation can also be generated by the acceleration of photoexcited electron-hole pairs in semiconductor structures. Here an ultrafast visible/near-infrared pulse of photon energy greater than the semiconductor bandgap, creates electron-hole pairs close to the surface of the generation crystal. These can be accelerated by an appropriate electric field and the resulting changing dipole leads to generation of a THz pulse.
Typically, suitable surface fields are realized in two ways. Figure 4 (a) shows a lateral antenna comprising two electrodes deposited onto a semiconductor surface. A large electric field is applied between the electrodes which accelerates the photocarriers generated by the incident laser pulse focused between the electrodes. This technique was introduced by Auston [15] and has been considerably developed subsequently [16] . A related device uses MBE to produce wide bandwidth p-i-n vertical diode emitters. MBE allows the fabrication of layered semiconductor structures providing considerable flexibility in the design of the bandstructure profile, together with control of doping profiles and carrier densities in the vertical direction (something which is difficult to achieve laterally). Appropriate bandstructure engineering allows modification of the emission bandwidth [17] .
A second mechanism is illustrated in figure 4 (b), first demonstrated by Zhang et al [18, 19] . In this situation, ultrafast charge transport is driven by both the intrinsic electric Figure 5 . Emitted THz power as a function of applied magnetic field for bulk GaAs, InAs, and InSb. The TE and TM components of the radiation (labelled) are shown together with the total radiated power. The measurement temperature is chosen in each case to maximize the THz power. Wafer details are given in [32] .
field perpendicular to the semiconductor surface [20, 21] and by differences in the electron and hole mobilities (photo-Dember effect) [22] [23] [24] [25] . The emitted power and bandwidth for this generation mechanism depend critically upon the temperature and properties of the semiconductor crystal, as well as the energy, pulse width and flux of the incident laser pulse. Recently, there has been enormous interest in this mechanism, which forms the basis for our discussion in section 4, following the demonstration that an external magnetic field can be used to enhance the emitted THz power by over an order of magnitude [26] [27] [28] [29] [30] [31] [32] . The mechanism for this enhancement has only recently been explained fully and is now forming the basis for the design of new types of THz emitters.
Surface field generation

Introduction
In this section we focus on THz radiation generated via ultrafast charge transport perpendicular to a semiconductor surface. (The polarization effects leading to optical rectification are negligible for the crystal orientations and photon energies used in the experimental results discussed here.) In addition to the interest in exploiting such transients for the emerging applications of coherent THz spectroscopy [33, 34] and imaging [35] , observation of the resulting electric-field transients provides a powerful, non-contact method to study hot carrier dynamics [36] , collective processes [37] and material properties of semiconductors, with sub-picosecond time resolution. Figure 5 shows the typical THz emission as a function of magnetic field for GaAs, InAs and InSb [29, 30, 32] . The three semiconductor surfaces were excited at an angle of 45
Experimental details
• to the surface normal by 2 nJ pulses of 1.6 eV photons from a mode-locked Ti-sapphire laser. The emitted THz radiation was collected parallel to the applied magnetic field and perpendicular to the incident beam as shown in figure 6 . Emission was measured both by an incoherent bolometeric detection scheme and also by coherent electro-optic sampling. As expected from the geometry of the experiment, the emitted THz radiation is completely TMpolarized in the absence of a magnetic field because the photocarriers accelerate perpendicular to the semiconductor surface. However, as the magnetic field is increased, a TE component is introduced and the emitted THz radiation becomes elliptically polarized. Both TE and TM power show significant enhancement in a magnetic field (figure 5), with electro-optic sampling used to demonstrate that the radiation is coherent.
The dependence of the TM and TE-polarized THz fields on the applied magnetic field, and the maximum emitted THz power, differs significantly between semiconductor surfaces. A nearly monotonic increase in both THz fields is seen in InAs, whilst peaks in the emission are observed in GaAs and InSb. This behaviour, however, does not simply reflect the different carrier concentrations or effective masses in these materials [32] .
Discussion
To understand the carrier dynamics following absorption of a visible/near-infrared pulse, and explain the enhancement of THz emission in magnetic field, Johnston et al [38, 39] developed a three-dimensional semi-classical Monte Carlo simulation. A full three-dimensional analysis is required since the magnetic field will alter the charge density distribution in the plane perpendicular to the velocity of the carriers. In this model, the time derivative of the total current is used as a source term in Maxwell's equations, which allows calculation of the electric-field wave forms (and hence spectra) of the THz frequency transient produced from the semiconductor surfaces. Figure 7 shows the time derivatives of the ensemble average current perpendicular to the sample surface, ∂j z /∂t, for GaAs and InAs. The THz internal field is proportional to ∂j z /∂t, and has a peak value in n-type InAs which is four times that in n-type GaAs. This 16-fold power difference agrees well with experiments on such samples (e.g., 20-fold in [28] ).
If the semiconductor surface energy bands lie within the bulk bandgap, Fermi level pinning and band-bending occur [40] , leading to the formation of a surface depletion or accumulation region. The resulting electric field will separate photo-excited electrons and holes, forming a dipole perpendicular to the surface that can emit THz radiation. By changing from n-type to p-type doping, the field direction is reversed producing a change in dipole polarity and hence a change in sign of the THz transient.
A photo-Dember field can also occur at a semiconductor surface after photoexcitation [22] . Two factors lead to this field: a difference in diffusion coefficients for electrons and holes, and a structural asymmetry. In a typical semiconductor, electrons have a larger diffusion coefficient than holes. After photo-excitation, the electron population diffuses more rapidly than the hole population but in the absence of a surface boundary, there is no net dipole field, since the centre of charge does not change. In the vicinity of the surface, however, reflection or capture causes the net electron and hole charge centres to move away from the surface. The greater diffusivity of the electrons produces a perpendicular dipole which leads to THz emission. In this case, changing the semiconductor doping from n-to p-type has no effect on the sign of the emitted THz pulse.
Results for simulations of p-type GaAs and InAs are also included in figures 7(a) and (b). For p-type GaAs ( figure 7(a) ), the polarity of the THz transient changes sign and the wave form is reduced in amplitude, in good agreement with experiments [23, 24, 41] , which suggests a surface field mechanism. For InAs ( figure 7(b) ) there is only a small change between n-type and p-type samples, again consistent with the experimental results [24] , which suggests a photo-Dember emission mechanism.
Figures 7(c) and (d) present a more quantitative analysis of the contributions of the surface field and photo-Dember generation mechanisms to emission from n-type GaAs and InAs. In each plot, the dashed line represents a sample in which the Fermi level is not pinned and so there is no surface depletion field. It therefore represents the pure photo-Dember field emission mechanism. By integrating the power spectra of the GaAs waveforms we find that less than 10% of radiated power is generated by the photo-Dember mechanism. In contrast, the n-type InAs wave forms presented in figure 7(d) are indistinguishable, indicating close to 100% photo-Dember emission.
These simulations reproduce the larger THz electric-field amplitudes (and hence powers) observed experimentally in InAs when compared with GaAs, and demonstrate that InAs is primarily a photo-Dember emitter while GaAs is primarily a surface field emitter.
Magnetic field enhancement
In order to explain the dramatic enhancement of THz emission with magnetic field (figure 5), Johnston et al [38, 39] modelled the carrier dynamics for both InAs and GaAs in magnetic fields ranging from 0 to 8 T, and calculated the amplitude and three-dimensional orientation of the THz emitting dipole. The coupling of the radiation out of the semiconductor is strongly affected by the dipole orientation with respect to the semiconductor surface [38, 39, 42] . Figures 8(a) and (b) show the simulated time derivatives of the current densities in n-type GaAs and n-type InAs, respectively, during and after photoexcitation. The dashed lines show the situation with no magnetic field present. In this case, the only net acceleration of carriers (∂j/∂t) occurs in the z-direction since the only asymmetries in the system are the surface boundary and surface electric field, both of which are rotationally symmetric about the z-axis.
The solid lines represent a simulation with a magnetic field of 8 T. Although there is little change to the strength of the dipole as the magnetic field is increased, the x and y components of ∂j/∂t show that the Lorentz force produces a net acceleration of carriers in the x-y plane and rotates the THz dipole. This is much less pronounced in InAs compared with GaAs, however. This is because the 1.55-eV incident photons excite the electrons high into the InAs conduction band, with the result that inter-valley scattering is a much more important electron scattering process in InAs than in GaAs. The large effective mass of electrons scattered into the L valleys limits the rotation of the photogenerated dipole, and hence the relative magnitude of the lateral ∂j/∂t components. In order to be measured in free space, the THz radiation generated within the semiconductor of refractive index n i ∼ 3.5 must be transmitted into a medium of refractive index n e ∼ 1.0. It is clear that any radiation generated outside a cone of about θ i ∼ 17
• (measured from the surface normal) will be totally internally reflected. To calculate the emission pattern resulting from radiation generated within this cone, the Fresnel transmission coefficients must be considered [39] . Figure 9 (a) shows the 'bow-tie' radiation pattern of the power produced inside the GaAs at B = 0 T, together with the radiation pattern emitted from GaAs into free space. The amount of radiation emitted is very low because of the small overlap between the (shaded) emission cone and the internal radiation pattern. The excited spot can be considered as a distribution of point dipoles, with relative phases set by the phase variation across the laser pulse, causing collimation in the reflection direction [43] . Figure 9(b) shows the situation at B = 8 T. The internal radiation pattern shows the rotation of the TM-emitting THz dipole from being parallel to the z-axis to being approximately perpendicular to the magnetic-field vector. A TE component also emerges. In this case there is now considerable overlap between the internal radiation pattern and the emission cone, and hence the corresponding free-space radiation pattern is much larger. For InAs, there is only a small rotation of the THz dipole (not shown) and hence the enhancement of the free-space radiation is much less. The enhancement in total THz power emitted at θ e = 45
• between 0 and 8 T has been measured experimentally to be 35× for GaAs [32, 38] and 8× for InAs [29] . Here, the calculated values are 15× and 4×, respectively. These results are in reasonable agreement considering the simplicity of the semi-classical simulation, and possible differences between the experimental and simulation parameters.
Conclusions
We have discussed a semiclassical Monte Carlo model which simulates the dynamics of extrinsic and photoexcited electrons and holes on a sub-picosecond timescale. The simulation shows that after excitation with a laser pulse, the primary THz emission mechanism from InAs is based on the photo-Dember effect, while surface depletion fields dominate in GaAs. The effect of magnetic field on these systems has been calculated and the experimentally observed enhancement of THz power with magnetic field is found to be predominantly caused by a reorientation of the THz dipole with respect to the surface dielectric boundary, rather than by an increase in the dipole strength. Once transmission through the semiconductor-air dielectric interface is considered, the experimentally observed enhancement in emission is reproduced.
These results suggest that a magnetic field is not necessary to obtain an order-of-magnitude enhancement in THz power. A similar enhancement should be produced by reducing the effective refractive index of the semiconductor or by modifying the dipole orientation with respect to the dielectric-air interface by way of a prism or lens [43] . By reorienting the THz dipole towards the semiconductor surface, the emitter then resembles the lateral antennae discussed in section 3.2.
Overview of applications
The development of coherent THz time-domain spectroscopy discussed in section 2, together with recent proving experiments, have demonstrated the potential for THz imaging and spectroscopy across the physical, biological and medical sciences (figure 10) [35] . Biomedical THz imaging, in particular, has attracted much attention [44] . Different biological tissues have different absorption spectra and refractive indices in the THz range. These criteria serve as new contrast mechanisms from which images of live tissue, and abnormalities in such tissue, may be obtained. The non-ionizing nature of THz and its ability to distinguish different soft tissue types may lead to significant advantages over other imaging modalities in specific medical applications. This research is on-going following the first demonstration of THz imaging of biological tissue (a leaf ) [7] , and subsequent imaging of, for example, an extracted human tooth [45] and sub-epidermal basal cell carcinoma [46] . This field is wide-ranging and cross-disciplinary, however, and in addition to the biomedical applications there is relevance to molecular and nanostructure spectroscopy, high bandwidth electronic communications, local oscillators for astronomy, and diagnostic testing, inter alia. The potential for commercial exploitation of this technology may be currently restricted by the high cost of the femtosecond pulsed lasers, and the convenience and practicality of using such bulky assemblies. For these reasons, there is a strong driving force for the fabrication of cheap, solid-state THz emitters and detectors, and the recent reports of quantum cascade lasers operating at 4.4 THz (albeit at cryogenic temperatures) [5, 6] are very encouraging for the continuing development of THz photonics over the next decade.
